Understanding the cellular and molecular mechanisms that underlie tooth regeneration and renewal has become a topic of great interest [1] [2][3] [4] , and the mouse incisor provides a model for these processes. This remarkable organ grows continuously throughout the animal's life and generates all the necessary cell types from active pools of adult stem cells housed in the labial (toward the lip) and lingual (toward the tongue) cervical loop (CL) regions. Only the dental stem cells from the labial CL give rise to ameloblasts that generate enamel, the outer covering of teeth, on the labial surface. This asymmetric enamel formation allows abrasion at the incisor tip, and progenitors and stem cells in the proximal incisor ensure that the dental tissues are constantly replenished. The ability to isolate and grow these progenitor or stem cells in vitro allows their expansion and opens doors to numerous experiments not achievable in vivo, such as high throughput testing of potential stem cell regulatory factors. Here, we describe and demonstrate a reliable and consistent method to culture cells from the labial CL of the mouse incisor.
Introduction
One of the unique characteristics of vertebrates is the evolution of teeth. The tooth has become an important model system for many areas of research, as the molecular pathways and morphological specializations relevant to this organ have been investigated from several perspectives, including by developmental and evolutionary biologists 5 . More recently, the field of regenerative medicine has begun to gain valuable insights using the tooth as a model. In particular, the discovery of dental epithelial stem cells has been an important advance [6] [7] [8] [9] [10] [11] [12] [13] .
All rodents possess continuously growing incisors whose growth is fueled by stem cells, making these teeth an accessible model system to study adult stem cell regulation. Labeling experiments in the 1970s 10, 11 , followed by genetic lineage tracing experiments 8, 9, 12, 14 , have demonstrated that DESCs reside in the proximal region of the incisor. The stem cell progeny in the epithelial compartment on the labial side move out of the putative niche, known as the labial cervical loop (CL), and contribute to a population of cells called transit-amplifying (T-A) cells ( Figure  1) . Specifically, DESCs reside in the outer enamel epithelium (OEE) and stellate reticulum (SR) 8, 9, 14 , and the inner enamel epithelium (IEE) gives rise to the T-A cells that progress through a limited number of cell cycles and then move distally along the length of the incisor ( Figure  1) . The differentiating ameloblasts in the mouse incisor continue to move distally along the incisor at a remarkable rate of approximately 350 µm in a single day 15, 16 . As they move, the cells differentiate into mature ameloblasts and stratum intermedium (SI) cells. After depositing the full thickness of enamel matrix, many of the ameloblasts undergo apoptosis, and the remaining cells shrink in size and regulate enamel maturation 17 . The lineage of the other cell types in the labial CL, such as the SR, is less clear, and data regarding the stem cells in the mesenchyme 18 and in the lingual CL are only beginning to emerge.
Using the mouse incisor model, a number of groups have worked to elucidate the genetic pathways and cell biological processes involved in natural stem cell-based organ renewal. However, the labial CL contains a relatively small number of cells, estimated to be about 5,000 per mouse incisor, which makes working with primary cells challenging. Therefore, efforts have been made to culture and expand these cells in vitro 6, 16, 19, 20 in order to open new doors to experimental approaches that are not achievable in vivo. The most recent study has demonstrated
Primary Culture of DESCs
1. Plate cells in a 6-well plate at 1-6 x 10 4 cell/ml in DESC media, which consists of DMEM/F12 supplemented with mouse EGF recombinant protein at a concentration of 20 ng/ml, FGF recombinant protein at a concentration of 25 ng/ml, 1X B27 supplement, and 1% antibiotic solution (penicillin, 100 U/ml, streptomycin, 50 μg/ml). 2. Grow cells plated on a 6-well plate at 37 °C in 5% CO 2 in 1 ml of DESC media. Do not disturb initial cultures for 5 days after plating to allow cell adhesion and colony formation. 3. For the first media change, replace half of the volume (500 μl) of old media with half volume (500 μl) of new media. Check colonies under microscope when changing media. 4. After the first media change, continue to change media (1-2 ml) every 2 days. Check colonies under microscope when changing media.
Passage DESCs
. The labial CL also contains the IEE, T-A cells, and the SI (Figure 1A'') . Our technique is focused on the dissection and isolation of DESCs of the labial CL (Figure 1A'') . Krt14-Actin GFP marks all epithelial-derived cells of the hemi-mandible (Figure 1B) , and the labial CL can be clearly seen through the mandible (Figure 1B', white arrow) . It should be noted that all cell types can be identified under higher magnification (compare Figures 1A'' and B'') .
The procedure for the isolation of DESCs from the labial CL is summarized in Figure 2 . Briefly, the hemi-mandible is first removed from the animal, mandibular bone is removed to expose the labial CL, and then the labial CL is treated with collagenase to separate the epithelium from the surrounding mesenchyme. The CL is microdissected, treated with cell dissociation buffer, and plated in tissue culture plates. Separation of the labial CL from the underlying jaw bone (Figure 3) and addition of proper volume of media are essential for isolation and the growth of the colonies, respectively. Small, tight epithelial colonies formed using this technique are visible by 7 days (Figure 4A) , and these grow into large colonies within 2-3 weeks (Figure 4B) . 
Discussion
Epithelial cells were first successfully cultured over 40 years ago [21] [22] [23] [24] , and more recently, successful isolation of epithelial stem cells [25] [26] [27] has advanced our knowledge of epithelial biology. We report a protocol for isolating the DESCs of the adult mouse incisor, a relatively understudied population of stem cells that has the potential to yield important insights into dental biology and enamel formation. This protocol was initially based on previous reports of epithelial stem cell isolation from the hair follicle 28 . Whereas many protocols use feeder layers and serum to maintain epithelial stem cells, our method is a feeder free, serum free system. However, our growth media does require the use of a cocktail of EGF, FGF2 and B27 supplement. EGF has long been used to maintain undifferentiated cells 29 . A cocktail of EGF and FGF2 along with B27 was used previously to culture hair follicle stem cells 27 , and B27 is widely used to maintain neural stem cells in culture 30, 31 . We have also previously measured the viability and growth rate characteristics of DESCs atop tissue culture plastic and on a variety of ECM substrates, and no differences were detected in the rates of proliferation 19 . Cells could be maintained for up to 10 serial passages 19 .
We use the lower incisors for this procedure because of the ease of removal as compared to the upper incisors. The most important steps within our protocol during isolation are the complete removal of the CL area from the mandibular bone before placing in collagenase and a clean microdissection of the CL. Because the proximal incisor is very delicate, it is important not to damage it during dissection, which could result in loss of the labial CL. Incomplete removal will lead to remnants of the labialCL and a lower yield of DESCs. In addition, it is important to avoid contamination with non-CL epithelial cells. Thus, after the epithelium has been separated from the mesenchyme, a clean V-shaped incision should be made to remove the labial CL from the neighboring epithelium. Finally, it is essential to plate these cells at a concentration of over 1 x 10 4 cells per ml and leave half of the conditioned media for the first media change.
The major benefit of this protocol to dental research is that it allows efficient production and manipulation of DESCs in vitro. Although the mouse incisor is established as an in vivo model [7] [8] [9] 12, [32] [33] [34] , the development of an in vitro system advances the dental research field by opening the doors to experiments that are difficult to perform in vivo. Advantages of this system include the ability to readily manipulate the cells in various culture conditions, easy targeting of single or even multiple signaling pathways, and inhibition or activation of targeted molecules using siRNA or growth factors. Downstream applications of this in vitro system include using the above listed techniques as well as other cutting edge techniques to conduct functional and/or mechanistic studies, particularly at the single cell level.
Overall, information gleaned from DESC in vitro culture can help to unravel the intricacies of stem cell based tooth renewal.
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